Rainfall interception by vegetation is a major component in the hydrological balance at the land surface. Small-scale variations in rainfall interception occur when both rainfall and land surface are highly variable. A key parameter of interception is the amount of rain stored on vegetation. As radar backscatter is strongly influenced by the free-water content of vegetation, SAR remote sensing might be applied to analyse large-scale rainfall interception. We concentrated in this study on C-band radar and rainfall storage in forests. The backscatter sensitivity to wetness is simulated with a radiative transfer model, which has been modified to describe the changes in dimension and dielectric constant of leaves and needles due to wetting. The simulations indicate that backscatter may decrease when a sparse coniferous forest is wetted, while the backscatter of a closed forest is found to increase with 1-4 dB due to rain storage. Thus, the sensitivity to storage strongly depends on the type of forest. The simulations are empirically tested by analysing two sets of successive SAR image pairs from the ERS tandem mission. Given the short time between these measurements, it is argued that backscatter changes are mainly caused by changes in rain storage. The observed backscatter change is compared with wetness change estimated by a standard hydrological model using ground-based rain radar observations as input. The observed backscatter change between a wet and a dry forest varied between 0.7 and 2.5 dB, in the range of the simulations. It is concluded that C-band SAR is sensitive to forest wetness, although for a quantitative assessment of water storage on forest additional information on at least forest structure is needed.
Introduction
Rainfall interception is defined as rain that is intercepted by vegetation and evaporated without reaching the ground (Horton, 1919; Rutter et al., 1971; Gash, 1979) . Interception accounts for approximately 20% of net evaporation from the earth land surface (Choudhury et al., 1998) , and for 25-40% from temperate forests (Linacre and Geerts, 1997) . It is therefore a major component in the hydrological balance at the land surface. As water vapour is the most important greenhouse gas, interception influences climate (Gates et al., 1996; Sellers et al., 1997a) . 1 
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Precipitation, evaporation and interception are processes occurring at a spatial scale of 5 m to 50 km (Blöschl and Sivapalan, 1995) . Large-scale climatological and hydrological models have grid cells of ~1000 km 2 . As a consequence, interception within a grid cell is heterogeneous. This subgrid heterogeneity strongly influences the modelled hydrological balance and climate (e.g. Shuttleworth, 1988; Pitman et al., 1990; Dolman and Gregory, 1992; Eltahir and Bras, 1993; Noilhan et al., 1997) . Current approaches to account for subgrid heterogeneity are poorly validated, as only local interception measurement techniques are available. A large-scale measurement technique would therefore be a useful tool in the validation of large-scale interception models.
A key parameter in the interception process is storage, here defined as the amount of rain stored on vegetation. Most storage occurs on the foliage, where rain forms a water layer on hydrophilic leaves, or drops on hydrophobic leaves (Horton, 1919) . The backscatter measured by a Synthetic Aperture Radar (SAR) is positively related with the water content of the vegetation cover, and therefore a SAR might be able to quantify large-scale rain storage. C-band backscatter of forests increases up to 3 dB shortly after rainfall (e.g. Bernard and Vidal-Madjar, 1989; Way et al., 1990; Dobson et al., 1991; Ahern et al., 1993; Pulliainen et al., 1994; Rignot et al., 1994) . On the other hand, a slight backscatter decrease is also observed for a wet coniferous forest (Schowengerdt, 1983) , and densely vegetated agricultural areas (Bergen et al., 1997) . The mechanism causing the observed backscatter change after rainfall is still poor understood (Hobbs et al., 1998; Saich and Borgeaud, 2000) . Uncertainty arises, as the recorded total backscatter is not only influenced by the water stored on top of the vegetation, but also by moisture and structure of both soil and vegetation.
A promising approach to single out the factor rain storage on vegetation is backscatter change detection between successive days with a wet and a dry vegetation cover. The vegetation and soil structure can be assumed to be unchanged. Moreover, this method may distinguish between the quick drying of the vegetation and the slow drying of the underlying soil. Preliminary model calculations indicate that the backscatter change of a forest with a wet and a dry canopy varies between 0.5 and 1.8 dB for C-band (Klaassen et al., 1997) .
The feasibility of measuring large-scale rain storage by SAR with successive days of change detection is investigated by radiative transfer model simulations and observations. Successive SAR observations with the same incidence angle from wet and dry days are available from the ERS-1 and ERS-2 tandem mission. We therefore concentrate on the ERS C-band SAR. Furthermore, this study will focus on forest, because interception and backscatter of forests are well studied, and thus data are available for validation. A problem arises, as direct observations of rain storage are not available due to the almost complete lack of measurement techniques. The validation is therefore carried out indirectly by estimating forest wetness with a standard hydrological model. These simulations are used to relate the forest backscatter change with the forest wetness change and thus to estimate the potential of SAR to measure large-scale vegetation wetness and rainfall interception.
Models
Interception Three phases are generally distinguished in the interception process. The first phase starts at the beginning of rainfall. A dense canopy intercepts most raindrops, relatively few fall through the canopy without contact. The canopy can retain only a certain amount of rainfall, the so-called maximum storage capacity S max . The second phase starts when stored rain exceeds S max and excessive water runs off to the ground. The third, drying phase starts when rainfall stops.
Following Deardorff (1978) , interception is modelled by considering the canopy as a bucket, which is filled by precipitation and emptied by evaporation. The bucket flows over if S max is reached. Assuming a closed canopy that intercepts all raindrops, variations in total storage S (in mm water) are calculated by:
where P the precipitation flux, E the evaporation flux from the wet canopy and R the runoff flux from the canopy, all in mm.h -1
. Run off only occurs if S exceeds S max . The value of S max is calculated by assuming that each leaf or needle is covered with a 0.2-mm-thick water film on one side (Dickinson, 1984) , so:
where LAI is the one-sided leaf area index and S max is in mm rain. The evaporation flux is (Deardorff, 1978) :
where E p is the potential evaporation, which is calculated with the Penman-Monteith formula with zero canopy resistance (Monteith, 1965) . This formula is based on the energy budget, and is a function of the aerodynamic resistance, humidity, temperature and available energy. The aerodynamic resistance is calculated from the windspeed and the aerodynamic roughness. The latter is estimated from the aerodynamic roughness for heat (Lankreijer et al., 1993) .
Radar backscatter
Radar backscatter of forest is simulated by the three-layer UTA Radiative Transfer Canopy Model (UTARTCan, Karam et al., 1992; Karam et al., 1995) . The input parameters of the model are the density, size, orientation, and dielectric constant of trunks, branches, leaves or needles, grouped in horizontal layers. The forest is in our case schematised as two separate, continuous layers, a canopy layer and a trunk layer. The canopy layer consists of leaves or needles, and branches. The trunk layer is located under the canopy layer and consists of only trunks. As second-order scattering only contributes significantly on cross-polarised backscattering (vertical to horizontal polarisation and vice versa) (Karam et al., 1992) , and the ERS-SAR is only vertical polarised, the model is restricted to simulate first order scattering effects. In other words, the incoming radar wave is reflected and transmitted by the vegetation cover.
Backscattering from the soil occurs either directly or via double bounce via trunks or other canopy elements; in these cases the vegetation cover attenuates the radar wave two times. The scattering and attenuation in the canopy depends on the dielectric constant, size, orientation and density of each vegetation cover element (leaf, needle, branch or trunk). The dielectric constant of a single element is mainly determined by its water content. This water is free or bound to organic molecules, with both forms of water having different dielectric constants. A single, effective dielectric constant of each element is calculated with the Debye-Cole dual-dispersion model (Ulaby and ElRayes, 1987) , which is based on the assumption that the inhomogenities inside an element are smaller than common radar wavelengths (X, C, L, P-band; i.e., 3-67 cm). As a consequence, each element can be considered as a homogeneous medium, and thus the effective dielectric constant is obtained by volumetric averaging of the dielectric constants of both forms of water. So, the basic form of the Debye-Cole dualdispersion model is:
where ε is the dielectric constant and v the volume fraction. The subscripts r, f and b denotes a relatively unimportant residual component due to the solid matter of the canopy element, the free water inside the element, and the bound water inside the element respectively. The volume fractions and the residual dielectric constant are calculated as a function of the gravimetric water content M g with the following empirical equations (Ulaby and El-Rayes, 1987) :
The dielectric constants of the free water and bound water are calculated with the Debye and Cole-Cole equations (Ulaby and El-Rayes, 1987) and resulted in respectively 73.2-j28.8 and 9.8-j5.5. As mentioned in the introduction, most of the stored rain is retained on the leaf or needle surface. The influence of this water is estimated by adapting the effective dielectric constant and the thickness of the leaves or radius of the needles in the radiative transfer model. This adaptation will be described in the following paragraph.
Equation (2.2) denotes that a leaf or needle can retain the equivalent of a 0.2-mmthick water film. This water is stored as droplets, or as a film. The film thickness or the size and distance between the droplets will be small compared to common radar wavelengths. Following the Debye-Cole dual-dispersion model, stored rain is considered part of the homogeneous leaf. We assume that all stored rain is free water. Consequently, the volume fraction of stored rain v s can be added to the free-water term of Equation (2.4):
As well as changing the dielectric constant, storage also changes the dimensions of the leaf or needle. The thickness of a wet leaf is calculated by assuming that stored rain forms a homogeneous film on the leaf. Additionally, stored water is assumed to be distributed homogeneous over all leaves. Deciduous leaves are schematised as discs. The thickness of a wet deciduous leaf is now related to storage by:
where d is the thickness, lf denotes the leaf, and s the water layer. A needle is modelled as a cylinder. The radius of a wet needle is obtained by adding the volume of the stored water (V s ) to the volume of the needle:
which results in:
where r w and r d are the radius of the wet and the dry needle respectively, and l the length of the needle. The factor 2πr d l in Equation (2.8b) is the surface area of a needle and 0.5 is brought into this equation as the storage is a function of the one-sided LAI, which is in case of needles half the surface area. et al., 1998 et al., ) up to 11 (Bouten et al., 1996 . A field survey showed that these plots are extremes. The averaged LAI is estimated to be 5. The SAR image pairs of the AOI were acquired by the ERS-1 (first day) and ERS-2 (second day) on 7 & 8 September 1995 and 25 & 26 May at 10h30 UMT (12h30 local summer time). Both SAR's operate at C band vv-polarisation, and the ERS-1 and ERS-2 orbit and incidence angle were identical. A fractional landuse map on 1 × 1 km grid was taken from a GIS database (anonymous, 1997). Precipitation rates originate from the rain radar of the Royal Dutch Meteorological Organisation. Figure 2 .1b is an example of a (resampled) rain radar image. With a time resolution of 15 minutes and a spatial resolution of 2.5 km, the rain radar recorded a number of precipitation rate classes: 0.1-0.3, 0.3-1, 1-3, 3-10, and 10-30 mm h -1 . The whole AOI is located within 100 km distance of the rain radar. landuse; (2.1b) the precipitation rate at 8 September during the moment of ERS overpass; and (2.1c) the modelled storage in the pixels with a subgrid fraction forest > 75% at the same time. Note that all pixels with rain and 2 km around the shower are excluded from further analysis.
Study Site and Data
Detailed meteorological and hydrological observations were carried out in two forest stands. One location was situated in a pine stand in the centre of the Veluwe, the other in a poplar (Populus spp.) forest 20 km west from the centre of the AOI. The measurement sites and equipment used are described in Elbers et al. (1996), and Dolman et al. (1998) . The measured parameters include precipitation, run off, available energy, humidity, and windspeed. Soil moisture at 3 cm depth was also measured at the site within the Veluwe. Table 2 .1 sums some parameter values at the moment of satellite overpass, to which we will refer to afterward.
To simulate the backscatter sensitivity to forest wetness with the radiative transfer model, suitable input data must be chosen. An exact parameterisation of the forest in the radiative transfer simulations was not tried because the forest structure varies within the measurement grid of 1 × 1 km. Instead, backscatter sensitivity to wetness was simulated for a few characteristic forest stands. As most of the Veluwe is covered with coniferous species, a dense and a sparse coniferous forest are simulated. To show the difference between a coniferous and a deciduous forest, the backscatter sensitivity from an average deciduous stand is also simulated. The forest types are: a low coniferous black spruce stand with LAI 1.5, a coniferous white spruce stand with LAI 9.1,and a deciduous poplar stand with LAI 3.6. The structural parameters of these stands are given in Table 2 .2. The gravimetric water content of the leaves/needles was set at 60%, and the water content of the wooden elements at 50%. These are normal values for healthy trees in the Netherlands (Hoekman et al., 1995) . The maximum storage is assumed to be the equivalent of a 0.2-mm-thick water layer on each leaf or needle. The structural parameters of the soil were in all simulations set equal. The surface roughness had a rms height of 1 cm, and a correlation length of 4 cm. The volumetric moisture content of the soil was set to 20%, a value close to the maximum soil moisture measured during the satellite overpasses (Table 2 .1).
Data Processing
Data were processed on a 1 × 1 km grid. Pixels with a subgrid fraction forest larger than 75% were selected with the GIS database. It was assumed that these pixels were fully covered with forest. Spatial variation in precipitation input was obtained from rain radar measurements. These rain radar images were resampled to the model grid with nearest neighbour sampling, and the precipitation rate classes were replaced by the logarithmic mean of the class concerning. Other input data were assumed to be spatially constant. The potential evaporation rate was estimated by first calculating the local potential evaporation rate at the two locations with known meteorological data, and were then averaged. If measurements were available from one location only, these were applied. This occurred at 7 September before 13h30 UMT due to device failure. For the remainder of the time, the correlation between the evaporation rates at the two locations is 0.86 and the mean difference 0.02 mm.h -1
. Spatial averaging of evaporation rate therefore introduces only minor deviations in the resulting storage, which is in agreement with Ghan et al. (1997) . The spatial distribution of S max does have on the contrary a large influence on modelled storage (Eltahir and Bras, 1993) . Measurements of S max within the test area vary between 0.5 (Lankreijer et al., 1993) and 2.5 mm (Bouten et al., 1996) . The influence of S max was therefore analysed by using the values 0.5, 1.5 and 2.5 mm.
The backscatter change of the ERS-1 and ERS-2 image pairs were derived by first calculating the linear backscatter coefficient σ 0 from ERS PRI-products with the ERS-SAR Toolbox, based on the calibration procedure of Laur et al. (1997) . The calibrated images were next georeferenced, averaged to the 1 × 1 km grid and converted to dB. The calibration includes compensation of ADC saturation effects, as the ERS-2 ADC saturation is significant decreased compared with the ERS-1 ADC saturation. Compensation of ADC saturation increased the backscatter of the ERS-1 on average with 0.2 dB over the selected forest pixels. Another source of false backscatter changes might be rainfall, as it attenuates C-band backscatter by a few percent (Ulaby et al., 1981) . The rain radar detected rainfall at a maximum of 5.7 km above the surface (Table 2 .1). Assuming an incidence angle of 23° and a shower height of 5 km, this rain could distort the radar signal up to 2 km behind the shower. Pixels with rain as well as pixels up to 2 km around the shower were therefore excluded from the analyses. After this data selection, 117 and 119 forest pixels were analysed from the May and September image pairs. The resulting accuracy is claimed to be within ± 0.4 dB (Laur et al., 1997) .
Results

Simulated sensitivity of C-band radar to vegetation wetness
The simulated sensitivity to intercepted rain for three different forest types is shown in Figures 2.2a-c . The backscatter from the primary and secondary branches are added and only the backscatter terms that contribute more than -30 dB are shown. Figure  2 .2a shows the backscatter sensitivity from the sparse black spruce stand to storage. The most important terms contributing to the backscatter are the soil and the branches. Dry needles are relatively unimportant. The backscatter from the trunks and via the soil-trunks, soil-needles and soil-branches are small. When needles become wet, the backscatter of needles increases with 7.8 dB at the maximum storage. The backscatter of wet needles is still an unimportant fraction of the total backscatter. However, wetness not only causes a backscatter increase from needles, it also enhances attenuation by needles. As a result, the backscatter from the soil and branches decreases with -3.0 dB and -1.3 dB, respectively, and the total backscatter of the black spruce forest stand decreases with -2.2 dB.
The same processes, increased backscatter of leaves and decreased backscatter from branches and soil due to attenuation, occur in the other forest stands, but, as will be seen, the significance of these processes depends on the forest stand parameters. Figure 2 .2b shows the simulated sensitivity of the dense white spruce stand. The backscatter from the branches is the most important term in the dry state. The backscatter from the soil and the trunks is negligible. The backscatter from needles increases due to wetness with 6.0 dB, and the backscatter from branches decreases with -3.1 dB. As a consequence, the needles become the most important scatters in the wet white spruce ) and rainfall storage (mm) modelled assuming S max is 1.5 mm (a) in September, and (b) in May.
stand, and the total backscatter increases with +1.1 dB. Figure 2 .2c shows the backscatter sensitivity of the poplar stand to wetness. The total backscatter is dominated by the backscatter of leaves. This increases with 4.7 dB at the maximum storage. The total backscatter increases with 4.4 dB when leaves get wet. This is slightly less than the increased backscatter from the leaves due to enhanced attenuation of the other backscatter terms. These simulations show that the backscatter sensitivity of a forest to wetness depends on the relative contribution of the leaves or needles (i.e., on the forest structure). The difference in backscatter between a completely dry and wet forest may vary between -2 dB and 4 dB.
Rain storage at the moment of satellite overpass
Rain storage is modelled as a spatial and temporal variable. An example of the spatial heterogeneity of the modelled storage assuming an S max of 1.5 mm is shown in Figure  2 .1c. Note that Figure 2 .1b shows the rainfall at the same time. It rains in the centre and the North of the AOI. Because the rain passed the AOI from South to North, the South of the AOI is already partly dry. The storage varies between 0.0 and 0.5 mm. The spatial differences result from the rainfall amount and the drying time since the last rainfall. Figure 2 .3a shows the spatially averaged storage modelled with an S max of 1.5 mm in September as a function of time. The figure also contains the main driving parameters: rainfall and potential evaporation flux. The potential evaporation flux shows a clear day-night rhythm: low evaporation fluxes in night time and high evaporation fluxes in day time. Moderate rainfall saturated the canopy in the first afternoon. Some drizzle fell in the evening. Although evaporation rate was low during the night, still a significant part of the canopy dried during this night. The stored water starts to evaporate rapidly after dawn. It rained intensely the following afternoon, but as the night was dry a large fraction of the storage evaporated before dawn. That same morning, Rain storage at the time of satellite overpass from the pixels used in the analysis as a function of the model parameter S max . Shown are the parameters describing the spatial variability of rain storage. drizzle with bright clearings passed the Veluwe, so vegetation was partly wetted again. The figure shows that the ERS-1 and 2 overpasses were both in the drying phase of the canopy. The situation in May was quite different; see Figure 2 .3b. It rained almost continuously the first night. Combined with a low evaporation rate this resulted in a high storage in the morning. It rained again the following afternoon and evening, and additionally dew occurred (indicated by a negative potential evaporation). Due to the high evaporation rate most of the stored water evaporated quickly in the morning. The ERS-1 and ERS-2 overpasses were again both in the drying phase, but the amount of storage was much higher during the first overpass. Table 2 .3 shows the range of storage modelled with the different values of S max at the moments of satellite overpass in the AOI. S max = 0.5 mm is regarded as the lower limit, and S max = 2.5 mm as the upper limit of expected storage capacity. A large S max causes more rain accumulation, and the canopy stays wet longer. For all values of S max , this table shows that the canopy was dry (or at the most half wet) on both days in September, while the canopy was almost saturated during the first overpass and significant drier during the second overpass in May. Figure 2 .4 shows the relation between backscatter change and storage change calculated with S max = 1.5 mm. A positive value means more backscatter, or a wetter canopy on the first day, and a negative value the inverse. The scatter on the x-axis (storage) is caused by variations in precipitation rate and in drying time after the rain events. The September data show distinct spatial storage change, but the variations are always less than 1/3 of the maximum storage capacity. The averaged storage change is insignificant. The averaged backscatter change in September is also insignificant, and 93% of the pixels have a backscatter change less than ±0.4 dB, the expected measurement noise. The September observations therefore agree with the simulations when changes in rain storage are small. In May, the storage was large on the first day and small on the second. The backscatter change varied between +0.7 dB and +2.5 dB, with an average of +1.3 dB. As most of the Veluwe consist of rather dense mixed forests, this observation is within the range of simulated sensitivity of dense forests. Figure 2 .4. Backscatter change versus canopy storage change modelled with S max is 1.5 mm. A positive value means a higher storage or a stronger backscatter on the first day. The canopy was almost dry during both September overpasses. The first day was wet and the second day was dry during the May overpasses
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Discussion
The feasibility of measuring large-scale forest wetness by using C-band SAR backscatter changes between successive days was empirically tested. The observed sensitivity to rainfall storage agrees with modelled sensitivity. The significance of this result is analysed, based on a discussion of the underlying models.
The maximum modelled backscatter change due to wetness (+4 dB) is slightly higher than the maximum observed backscatter increase, mentioned in the introduction (+3 dB) and observed in this study (+2.5 dB). It will be qualitatively discussed whether this might be caused by a systematic deviation of the model. The first assumptions concern the rain storage at the scale of the leaf. Equation (2.2) assumes that all rain is stored on leaves and needles. However, rain may also be stored on branches and trunks. In case of coniferous species, one could even imagine that relatively much rain is stored as small drops at the transition of the twig to the needle. The storage on leaves/needles and the resulting backscatter from these is therefore overestimated. As the sensitivity to wetness of the backscatter from trunks and branches will be small due to the small relative volume change and consequently small dielectric constant change, this overestimation of the backscatter from the leaves will only be partly compensated by increased backscatter from trunks and branches. The stored rain is next considered as free water, while a small part of the stored rain might be bound to the surface of the leaf or needle. The water adheres to this surface due to the physical processes of surface tension differences between the water and the leaf surface and friction (Horton, 1919) . As these bonds are weak compared to chemical bonds, this assumption causes only a slight overestimation of the modelled sensitivity. At a slightly larger scale, modelling the needles and the small branches in case of coniferous forest as independent entities is a rough approach. Needles may be regularly ordered at distances smaller than the radar wavelength (5.7 cm), and backscattering interaction between the needles might therefore occur. The next set of assumptions discussed apply to the scale of the canopy. The storage is assumed to be homogeneously distributed in the canopy. Model calculations indicated that the upper canopy dries faster than the lower canopy (Watanabe and Mizutani, 1996) , thus suppose that the upper canopy is dry while the lower canopy is still wet. The backscatter change of the upper canopy will be zero while the lower canopy backscatter will partly be attenuated by the upper parts. This assumption would therefore result in an overestimation of the sensitivity. The canopy is also assumed to be continuous. In reality, there will be gaps in the canopy, even in dense forests. As a result, part of the backscatter will arise from the soil and the backscatter sensitivity to leaf wetness will further decrease. Thus, most model assumptions probably result in an overestimation of the sensitivity of radar backscatter to water storage. The simulated backscatter sensitivity is therefore regarded as the maximum sensitivity.
The SAR observations are indirectly validated on ground truth via modelled storage. The modelled storage depends strongly on the precipitation rate, the maximum storage capacity, and the evaporation rate between the end of the rain and the moment of observation. The accuracy of precipitation rate derived from rain radar is low (Stewart et al., 1998) , just like the accuracy in the value of S max and the evaporation rate from a wet canopy (Klaassen et al., 1998) . If, as before the first overpass in May, it rained intensely for several hours, then the canopy is saturated with rain, and the uncertainty in precipitation rate is not important. In that case, the uncertainty in actual storage is mainly determined by the uncertainty in S max . On the other hand, if small showers occur and the canopy does not saturate, like before both September overpasses, then the uncertainty in S max hardly influences the actual storage. In that case, the uncertainty in storage is determined by the precipitation rate and evaporation rate uncertainty. Given the uncertainty in ground truth, it is concluded that the September data are not useful to test the SAR observations and the May data are only useful for a qualitative comparison of the SAR observations.
Although the observed backscatter changes in May can be explained by wetness changes, the backscatter may have been changed by other causes. The significance of some often mentioned causes for temporal changes in backscatter (Hobbs et al., 1998; Saich and Borgeaud, 2000) are therefore evaluated for the present situation. The backscatter depends on the forest structure, which might change due to altering wind. On the scale of Beaufort, the wind changed between the May image pair from windforce 2 to windforce 3 (Table 2 .1). The wind direction stayed almost constant. According to the description of the Royal Dutch Meteorological Organisation, small branches start to move at Beaufort windforce 4. It is therefore assumed that the wind did not cause any relevant backscatter changes. Furthermore, backscatter depends on soil moisture and soil moisture might change after rainfall. Soil moisture was measured at 3 cm depth at the measurement site within the Veluwe. The measurements in May took place in a rainy period. The soil was wetter the second day (+0.6%, see Table 2 .1) than the first day, due to rainfall between the moments of ERS overpass. This higher soil moisture would result in a higher backscatter on the second day. The vegetation was wet the first day and dry the second day. This would cause an increased backscatter on the first day. We observed the latter, and this is therefore attributed to rain storage in the canopy.
Conclusion and Recommendations
We examined the feasibility of detecting forest canopy rain storage with change detection between successive C-band SAR images. According to simulations, the sensitivity of radar backscatter to forest wetness is strongly dependent on the type of forest. The modelled sensitivity ranged from -2 to + 4 dB. Due to model assumptions, this sensitivity is the maximum sensitivity. The relative contribution of the leaves or needles to the total backscatter is the parameter that governs whether backscatter will increase or decrease with increasing storage of rain. Backscatter change observations were made by the ERS tandem mission and compared with modelled wetness change as ground truth. The accuracy of ground truth is only qualitatively fair due to uncertainties in input parameters. The observed backscatter change between a wet and a dry forest varied from +0.7 dB to 2.5 dB, which agrees with the simulations. It is therefore concluded that C-band short-time change detection is a feasible approach to discriminate between wet and dry forest.
A disadvantage of satellite observations appeared in the September dataset, when both observations dealt with a partially wet forest and measurements could not be used to detect changes in rain storage. The September example shows that al least one dry observation is desired to monitor rain storage. This condition reduces the number of suitable observations. Another disappointing result is that the backscatter sensitivity to canopy wetness strongly depends on forest structure. ERS-SAR observations alone are therefore not sufficient to quantify rain storage in forests. Additional information on forest structure is needed for that purpose.
The forest structure might be retrieved by multiple wavelength radar remote sensing. An additional advantage of multiple wavelength observations is that the sensitivity to storage is wavelength dependent, and therefore a combination of wavelengths could perform more accurate. Finally, using modelled wetness as ground truth introduces uncertainties. It is therefore recommended to use direct local measurement of rain storage as ground truth.
